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Abstract 6 
Assessing accurately the solar potential of all building surfaces in cities, including shading and multiple 7 
reflections between buildings, is essential for urban energy modelling. However, since the number of 8 
surface interactions and radiation exchanges increase exponentially with the scale of the district, 9 
innovative computational strategies are needed, some of which will be introduced in the present work. 10 
They should hold the best compromise between result accuracy and computational efficiency, i.e. 11 
computational time and memory requirements. 12 
In this study, different approaches that may be used for the computation of urban solar irradiance in large 13 
areas are presented. Two concrete urban case studies of different densities have been used to compare and 14 
evaluate three different methods: the Perez Sky model, the Simplified Radiosity Algorithm and a new 15 
scene tiling method implemented in our urban simulation platform SimStadt, used for feasible estimations 16 
on a large scale. To quantify the influence of shading, the new concept of Urban Shading Ratio has been 17 
introduced and used for this evaluation process. In high density urban areas, this index may reach 60% for 18 
facades and 25% for roofs. Tiles of 500 meters width and 200 meters overlap are a minimum requirement 19 
in this case to compute solar irradiance with an acceptable accuracy. In medium density areas, tiles of 300 20 
meters width and 100 meters overlap meet perfectly the accuracy requirements. In addition, the solar 21 
potential for various solar energy thresholds as well as the monthly variation of the Urban Shading Ratio 22 
have been quantified for both case studies, distinguishing between roofs and facades of different 23 
orientations. 24 
Keywords: radiation models; tiling strategies; solar potential; urban shading ratio. 25 
1. Introduction26 
Urban energy modelling and simulation has seen a substantial development during the last decade, 27 
boosted by two factors: the shift of the energy transition paradigm to a city scale level and the 28 
increasingly high computational performances reached by multi-core microprocessors and Graphic 29 
Processing Units. In order to provide new digital methods for energy planning and decision support, 30 
several international research centers and private sector actors have developed urban-specific algorithms 31 
and software tools, such as CitySim (Robinson et al., 2009), UMI (Reinhart et al., 2013), or SimStadt 32 
(Nouvel et al., 2015a). These software solutions allow accurate calculations of the solar radiation on each 33 
building surface of a city. However, the scale of the case study may present a significant impediment, due 34 
to the large number of surface interactions (i.e. occlusions and reflections) and radiation exchanges which 35 
take place. 36 
37 
The present study addresses the issue of calculating accurately and efficiently the solar potential in such 38 
cases by using 3D city models, which are increasingly being used for complex simulations. Studies based 39 
on these models such as the one presented here are essential for energy planning, with the aim of helping 40 
to guide the process of developing future policies and being able to make informed decisions at large 41 
scales. This work has been possible through the use of innovative tiling strategies which were 42 
implemented in an urban simulation platform. In addition, the shading and reflection effects have been 43 
quantified and compared for two case studies with medium and high building densities, including 44 
analyses on roofs and facades with different orientations. 45 
46 
47 
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 48 
1.1 The importance of assessing the solar potential at an urban level 49 
An accurate assessment and understanding of the solar potential of cities is paramount in the context of 50 
the urban energy transition. In the conceptual phase of new urban environments, it enables urban planners 51 
to design sustainable urban layouts and forms with optimized passive (influencing the heating and cooling 52 
demand) or active (integration of photovoltaic or solar thermal systems) solar energy strategies and better 53 
quality of life (daylighting). In existing neighborhoods, a solar potential analysis is a pre-requisite to 54 
identify the roofs suitable for solar technologies and reach the renewable energy objectives essential in 55 
the framework of energy policies and regulations (Izquierdo et al., 2008). Global estimates of suitable 56 
roofs for solar integration are about 60% of the entire roof area in Europe (IEA, 2002). Understanding the 57 
solar potential helps cities achieve their objectives of energy reduction, and a shading analysis during the 58 
design phase can greatly improve PV systems performance (Zomer et al., 2016). The calculated solar 59 
potentials are often integrated in a solar atlas (also called solar cadastre), which presents solar-related 60 
information for every roof of an entire city (CUNY, 2016), region or state (LUBW, 2015).  61 
 62 
1.2 Existing approaches and models for solar potential evaluation 63 
Since solar radiation measurements on tilted surfaces are rarely available, they must be assessed based on 64 
local global horizontal solar irradiance and the city geometry (Shukla et al., 2015). The total solar 65 
radiation on a tilted surface is the sum of three basic components: direct (also called beam), reflected and 66 
diffuse radiations. Different methods and models allow to estimate each of these components and to 67 
calculate inter-reflections between objects. 68 
• Direct radiation: it is based on the position of the sun in the sky dome (defined by the two angles 69 
azimuth and inclination) and the intensity of its direct beam, attenuated by crossing the 70 
atmosphere and the occasional clouds. The position of the sun is approximated on some models 71 
by partitioning the sky dome in a limited number of patches (Tregenza, 1987). The direct beam 72 
radiation with inter-reflections can be computed using either radiosity or ray tracing methods. 73 
Radiosity models calculate the radiation exchanges between each building surface, the ground 74 
and the different regions of the sky dome based on the law of energy conservation, while Ray 75 
tracing algorithms calculate beam propagations and reflections using different assumptions on 76 
the specularity of the reflecting surfaces. 77 
 78 
• Diffuse radiation: it is assessed by a large number of empirical sky models, generally classified 79 
as isotropic sky models (which assume that the intensity of the diffuse sky radiation is uniform 80 
over the sky dome) or anisotropic sky models (which imply a dependence on the direction). The 81 
latter are more representative of the reality, since they take into account the effects of 82 
brightening of the horizon and the sky around the solar disk. Some of the most used diffuse 83 
radiation models are Liu and Jordan (Liu and Jordan, 1960) and Koronakis (Koronakis, 1986), 84 
both isotropic, or Hay and Davies (Hay, 1979), Reindl (Reindl et al., 1990) and Perez model 85 
(Perez et al., 1990), which are anisotropic. Diffuse reflections between the different surfaces of 86 
urban objects are calculated based on high-performance algorithms, sometimes coded in the 87 
graphic card. They mostly consider an average facade reflectivity. Since the solar radiation 88 
decreases after each reflection, some of these algorithms consider a limited number of multi-89 
reflections. The two main computing approaches are again ray tracing and radiosity models.  90 
Many of these methods have been intensively reviewed, evaluated and compared during the last years 91 
(Behar et al., 2015; Despotovic et al., 2015, 2016; El Mghouchi et al., 2016; Ineichen, 2016; Shukla et al., 92 
2015). There are many software tools in which the different radiation estimation models are implemented, 93 
such as “Radiance”, which is based on backward Ray tracing algorithms (light rays are traced in the 94 
opposite direction to the one they typically follow). However, the drawback of pure ray-tracing methods 95 
is their computational complexity and that they are time consuming. Simplifications of the sky dome are 96 
done for example with the Tregenza model (Tregenza, 1987) for the hemispherical sky radiance 97 
distribution. 98 
Apart from the assessment of solar radiation, for the calculation of the solar potential of buildings and 99 
regions a set of input data is required. Many different approaches and models have been followed: from 100 
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simple estimations (based on building typologies and statistics) to more complex approaches based on 3D 101 
city modelling and GIS-models. Nevertheless, the scale and level of detail required in each case have 102 
conditioned the methodologies to be used, as shown by (Freitas et al., 2015). For very precise 103 
calculations, 3D modelling is the most appropriate option, but processing every single building requires 104 
considerable computational efforts in large areas, making it unfeasible in some cases. The present study 105 
aims to shed some light in this direction by introducing tiling strategies which could contribute to 106 
studying larger areas in an accurate way. 107 
1.3. Solar access, shading and urban morphologies 108 
In dense urban environments, solar availability and urban daylight may become a scarce commodity, as a 109 
result of the complex and dynamic shading effects on the building envelope (Lobaccaro and Frontini, 110 
2014). Several studies and software have approximated shadings through a static reduction coefficient 111 
applied to the total roof area, sometimes distinguishing between surrounding buildings and vegetation 112 
(Kurdgelashvili et al., 2016; Schallenberg-Rodríguez, 2013). However, this static average method is 113 
limited, leading to considerable differences between real and estimated solar potential (Schallenberg-114 
Rodríguez, 2013). More accurate solutions based on Geographic Information System (GIS) technologies 115 
have been developed in order to consider more realistically the urban geometry and individual 116 
obstructions: the photographic approach (Cellura et al., 2011), Hillshade analysis (Hong et al., 2017), use 117 
of Digital Surface Models (Redweik et al., 2013), human inspection of satellite digital imageries 118 
(Izquierdo et al., 2008), etc. The drawback of these processes is the long computational time required for 119 
the pertinent calculations. A hint of such an issue can be seen in (Kolbe et al., 2015). In addition, errors 120 
may be found in the 3D city models, influencing the estimations. A comprehensible study on the 121 
propagation of errors in 3D city models can be seen in (Biljecki et al., 2015). 122 
  123 
In the recent years, the international research community have emphasized and analyzed deeply the 124 
influence of the urban morphology (i.e. geometry, layout, density or built form typologies) on the solar 125 
access, shading and reflections (A.l. Martins et al., 2014; Han et al., 2015; Košir et al., 2014; Lee et al., 126 
2016; Li et al., 2015; Sarralde et al., 2015; Takebayashi et al., 2015; Vermeulen et al., 2015; Yang and Li, 127 
2015). Based on generic urban morphologies,  Lee et al. (2016) studied the influence of Floor Aspect 128 
Ratio (FAR) on PV potential and solar irradiation on facades: a higher FAR leads to lower solar access 129 
with a very high correlation. The urban albedo, defined as the fraction of incident solar radiation that is 130 
reflected from the urban surfaces, also depends on urban morphology (Bernabé et al., 2015).  131 
 132 
Although most methods focus on the solar potential of roofs, omitting vertical walls, some methodologies 133 
have been recently developed for both roofs and facades (Catita et al., 2014; Fath et al., 2015; Karteris et 134 
al., 2014; Takebayashi et al., 2015). Even though the irradiance reaching facades is on average lower than 135 
that of the roofs, due to the large areas concerned their total solar energy potential may be very significant 136 
(Redweik et al., 2013; Jaugsch and Lowner, 2016).  Rooftop systems will have higher energy output 137 
during the summer months, while vertical facades will instead have peaks in spring and autumn (Good et 138 
al., 2014). During winter, facades could even double the solar potential, due to the more favorable 139 
inclinations (Brito et al., 2017). As it will be explained in following sections, the present work will also 140 
assess the solar potential of facades. 141 
1.4. Aims and objectives of this study 142 
The main objective of this study is to find out the most suitable computational methods, showing the best 143 
compromise between accurate shading calculation and reasonable computational complexity and 144 
requirements for large scale potential analyses on building roofs and facades. For this purpose, the urban 145 
simulation platform SimStadt (SimStadt, 2016) developed at the University of Applied Sciences Stuttgart 146 
has been used, which integrates several sky and radiation models as well as the new tiling strategies 147 
introduced in the present work, detailed in Section 2. These algorithms and methods have been applied 148 
and evaluated on two areas of the case studies presented in Section 3: Manhattan (New York, USA) and 149 
Ludwigsburg (Germany), representative of two different urban morphologies and densities.  150 
 151 
Another contribution of the present study is that the shading and reflection effects of different models and 152 
approaches have been innovatively quantified and compared by introducing the new concept of “Urban 153 
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Shading Ratio” (USR). It corresponds to the ratio of the yearly solar radiation on a building surface 154 
calculated by considering the shading and reflections caused by the surrounding urban objects, over the 155 
yearly solar radiation on the same building surface calculated by considering this building surface isolated 156 
on an infinite plane ground (unobstructed reference scenario). Since this study does not consider the 157 
effect of vegetation and landscape reliefs, the mentioned urban objects consist only of the surrounding 158 
buildings. Based on these USR evaluations, two best tiling strategies have been identified in Section 4 159 
and used in Section 5 for deeper analyses of solar potential and shading quantification for the roofs and 160 
different facade orientations of the case studies. Finally, we summarize in the last section the findings of 161 
this study and propose further developments which could improve the efficiency of the proposed method. 162 
2. Solar radiation calculation approaches for urban energy analysis 163 
The urban energy simulation platform SimStadt (Nouvel et al., 2015a) used for this study allows to 164 
realize diverse urban energy analyses for districts, cities and whole regions, based on the open 3D city 165 
data model CityGML (Gröger et al., 2012). These 3D city models can be generated with LiDAR, stereo 166 
aerial photos or a digital cadaster, and may be enhanced with semantic data for buildings and facades 167 
(Eicker et al., 2014). A main asset is its object specification in five levels of detail (LOD), enabling the 168 
model to adapt to the local building information availability and resolution (Eicker et al., 2014). It is 169 
based on the German–norm DIN V 18599, and has already been evaluated with success against actual 170 
measurements in several districts (Nouvel et al., 2017). Many cities and regions have already been 171 
modeled with the CityGML format, such as the complete building stock of Germany (Nouvel et al., 172 
2015b).  173 
SimStadt has a modular and extensible workflow-driven structure allowing to run diverse urban energy 174 
analyses such as PV potential calculations (Romero Rodríguez et al., 2017). The platform uses different 175 
solar radiation models that the user can select depending on the applications and its requirements. This 176 
study is based on different radiation models and approaches implemented in SimStadt and compatible 177 
with urban scale applications: the Perez sky model, the Simplified Radiosity Algorithm (based on Perez 178 
sky model), and the newly introduced adaptation of the latter by using automatic tiling strategies. 179 
Naturally, there are also many other radiation models which do or do not consider obstructions and 180 
reflections, which are more or less appropriate for solar potential studies (Despotovic et al., 2015). 181 
2.1. Perez sky model 182 
The Perez all-weather sky model (Perez et al., 1990) predicts hourly (or higher frequency) global, direct 183 
and diffuse irradiance on tilted surfaces of arbitrary orientations, based on global, direct or diffuse 184 
irradiance measured on horizontal surfaces. This model relies on a set of parameters to be locally 185 
calibrated based on experimental observations. When these parameters are correctly chosen, its accuracy 186 
to assess diffuse irradiance has been proven to be high (Gueymard and Ruiz-Arias, 2016) compared with 187 
other reference sky models like Klucher (Klucher, 1979) or Hay (Hay, 1979), which is also implemented 188 
in SimStadt. When using the Perez model, there is no consideration of surrounding objects (neither 189 
occlusion nor reflections) and each building is simulated as if it were isolated. This model offers a good 190 
compromise between accuracy and simplicity but should only be used for very low urban density cities or 191 
districts. 192 
2.2. Simplified Radiosity Algorithm based on Perez sky model 193 
SimStadt also uses the Simplified Radiosity Algorithm (SRA) developed by Robinson and Stone (2005), 194 
which combines the Perez Sky model with a Radiosity computer graphics algorithm. The radiant external 195 
environment can be described by two hemispheres over and below the horizontal plan and is discretized 196 
into a certain number of finite elements (so-called patches) of known solid angles. Then, the equations 197 
modelling the radiant exchanges between each surface that reflects light diffusely and its associated 198 
occluded patches are solved, resulting in a Simplified Radiosity Algorithm. This solar radiation model 199 
accounts for the effects of obstructions in reducing direct and anisotropic diffuse radiation and 200 
contributing reflected radiation (A.l. Martins et al., 2014). It gives results in excellent agreement with the 201 
reference ray tracing program Radiance, in particular in dense districts where obstructions and shadings 202 
influence considerably the incoming solar radiations. 203 
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Although results are five orders of magnitude quicker to produce than with a ray tracing program like 204 
Radiance, it still requires a lot of memory and computational time for urban scale studies. Indeed, the 205 
nature of the Radiosity algorithm, which computes radiation exchanges between pairs of polygons, leads 206 
to a computational time approximately proportional to the square of the number of building polygons. 207 
Over a critical district size (generally one thousand buildings), the software platform would likely crash 208 
or slow down because of memory management issues. This obviously depends on the characteristics of 209 
the computer which performs the simulations. 210 
2.3. Perez model with Simplified Radiosity Algorithm and automatic tiling 211 
For the present study, a new automatic tiling algorithm has been implemented in the SimStadt platform to 212 
overcome the memory and computing time limitations of the SRA algorithm for large districts or cities. 213 
This batch computing method divides the studied area in a number of square tiles and runs the Radiosity 214 
algorithm separately on each of them. The user may define the length of each square tile size, as well as 215 
the overlap length (see Figure 1). This method reduces the penalization of buildings situated on the 216 
borders of the tiles in comparison with the central ones, in terms of occlusion considerations and therefore 217 
calculation accuracy. On overlapping areas, the same building surface is part of several tiles, so several 218 
solar radiations are calculated for it. Only the lowest calculated radiation, which is assumed to better take 219 
into account the surrounding occlusions, will be retained.  220 
Besides reducing the required computational memory and time, this process is highly parallelizable, 221 
which may reduce even more the computational time by using a cloud computing approach. As 222 
previously said, the computational time T of the SRA is approximately proportional to the number of 223 
solved radiation exchange equations, i.e. the square of the surface polygons number. Considering that 224 
buildings are uniformly distributed in a studied area with N surface polygons and P tiles without overlap, 225 
the computational time TRN,PR with a tiling strategy will tend to be P times quicker than without tiling (Eq. 226 
2), not considering the time saving linked to memory handling.  227 
𝑇𝑇𝑁𝑁 ∝ N² (Eq.1) 
𝑇𝑇𝑁𝑁,𝑃𝑃 ∝ � N𝑃𝑃2𝑃𝑃𝑝𝑝=1 ∝ 𝑃𝑃 ∗ (𝑁𝑁/𝑃𝑃)2 ∝ 1/𝑃𝑃 ∗ 𝑇𝑇𝑁𝑁  without parallel computing (Eq.2 ) 
𝑇𝑇𝑁𝑁,𝑃𝑃 ∝ N𝑃𝑃2 ∝ (𝑁𝑁/𝑃𝑃)2 ∝ 1/𝑃𝑃2 ∗ 𝑇𝑇𝑁𝑁     potentially with parallel computing (Eq.3 ) 
 228 
where N is the total number of building surface polygons, NRPR is the number of surface polygons per tile 229 
𝑃𝑃, TRNR is the computational time without tiling the studied district and TRN,PR is the computational time after 230 
tiling the studied district in P tiles. The consideration of tile overlaps would increase the computational 231 
time, while the parallelization of this process would decrease it (Eq. 3). The memory requirement is 232 
linked to the biggest number of surface polygons for a tile. 233 
 234 
Figure 1: Example of tiling (tile size = 500m; overlap = 150m) for a studied area. 235 
 236 
 237 
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3. Description of the case studies 238 
Two case studies of different densities have been selected in this work in order to analyze the impact of 239 
urban morphology on different Urban Shading Ratios.  240 
3.1. Medium density urban area: Ludwigsburg city center, Germany 241 
The City of Ludwigsburg, located at a latitude of 48°53’ in the region of Baden-Württemberg Germany, 242 
is a medium density area typical of German “middle cities”. It has a total population of about 92,000 243 
inhabitants on a territory of 43 km². For this study, a restricted area of 2.14 km² in the baroque city center 244 
has been selected, making a total of approximately 2200 buildings. Figure 2 shows no particular street 245 
layout, except an axis North-South splitting the city in two parts. The majority of its buildings are 20 246 
meters high multi-family houses. The 3D city model used for this study is a CityGML Level of Detail 2 247 
that models the buildings with their envelope and generalized roof structure, pitched or flat. The City of 248 
Ludwigsburg kindly provided this model. 249 
 250 
 251 
Figure 2: Area of the case study Ludwigsburg (source: openstreetmap.org). 252 
 253 
Figure 3: Representation of the case study Ludwigsburg with dimensions in meters – East view. 254 
3.2. High density urban area: Manhattan – New York, USA 255 
A part of Manhattan has been selected to represent high-density urban areas. Its urban morphology has 256 
indeed inspired many financial districts in the world. Located at a latitude of 40°42’ on a terrain with 257 
almost no relief, Manhattan is delimited by the Hudson and East rivers. For this study, an area of 8.4 kmP2P 258 
extending from East/West 31PstP street up to Central Park has been chosen. This study area includes many 259 
emblematic locations such as the Empire State Building, 5PthP avenue, Times Square, the New York Public 260 
Library or the United Nations headquarters. Figure 4 and the wired representation in Figure 5 illustrate 261 
the regular perpendicular street layout of Manhattan. The almost 6,000 buildings of this case study are 262 
mostly high-rise buildings, often reaching 100 to 300 meters’ height. The 3D city model used for this 263 
study is a CityGML Level of Detail 1, modelling buildings as extrusion of their ground surface. Since 264 
most of buildings in Manhattan have flat roofs (with some exceptions such as buildings that are narrower 265 
at the top), this representation is however realistic and reliable for our study. This model has been 266 
generated by the T.U. Munich based on datasets provided in the NYC Open Data Portal (Kolbe et al., 267 
2015). 268 
 269 
7 
 
 270 
Figure 4: Area of the case study Manhattan (source: openstreetmap.org). 271 
 272 
Figure 5: Representation of the case study Manhattan – North-West view.  273 
3.3. Key figure comparison  274 
In Table 1 a comparison of the key geometric figures of both case studies can be seen. The total gross 275 
floor area considers all the horizontal areas of the spaces within all buildings, including intermediate 276 
floors. The site coverage is the quotient between the total built and ground areas (both horizontal), while 277 
the floor area ratio is the quotient between the total gross floor and ground areas. The building 278 
compactness is defined as the ratio of building surface to volume and the facade density is the ratio of 279 
building facade areas to the sum of all canopy surface areas. 280 
 
Ludwigsburg Manhattan 
Total ground area [kmP2P] 2.14 8.40 
Number of buildings 2217 5882 
 Total Built Area [kmP2P] 0.55 3.68 
Total Gross Floor Area [kmP2P] 1.99 80.27 
Site coverage [-] 0.26 0.44 
Floor Area Ratio [-] 0.93 9.56 
Average building height [m] 11.3 32.8 
Average building compactness [mP-1P] 0.51 0.33 
Facade density [-] 38% 71% 
 281 
Table 1: Summary of features of the two case studies. 282 
Putting aside the differences of ground areas which do not play a role in our urban shading study, these 283 
two case studies have obviously very different urban morphologies. Manhattan’s Floor Area Ratio (FAR) 284 
is ten times bigger than Ludwigsburg’s FAR, while the building average height is three times higher. 285 
Manhattan’s buildings are also more compact. The site coverage is higher in the case of Manhattan with 286 
less solar penetration in particular at low solar elevation angles. Finally, the facade density of Manhattan 287 
is twice as big as in Ludwigsburg. Located on two different continents and slightly different latitudes, the 288 
two case studies receive also different solar radiation levels during the year as shown in Figure 6. Solar 289 
irradiances in Manhattan and Ludwigsburg remain however comparable. The solar reflectivity has been 290 
fixed to 0.2 for all facades and roofs of both case studies. The floor albedo has been set to 0.2. 291 
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 292 
Figure 6: Average monthly irradiance for different surface orientations in Manhattan and Ludwigsburg obtained by 293 
SimStadt with the used weather files. 294 
4. Identifying the best tiling strategy for middle and high-density urban areas 295 
In this section, our study focuses on the Urban Shading Ratio, which means the relative difference 296 
between irradiances with and without consideration of the urban surroundings, rather than on absolute 297 
irradiances. Urban shading is both influenced by the local climate and the city morphology. Although 298 
both case studies have been selected mainly because of their different morphologies, their different sun 299 
positions and cloudiness may harden the interpretations of their quantitative comparison. However, we 300 
believe this study serves the understanding of the role of city morphologies in the design of the best tiling 301 
strategy. 302 
4.1. Issues and tiling candidates 303 
The Perez sky model used without the radiosity model (see Section 2.1) generates quickly the solar 304 
radiations on all building surfaces of both case studies, but the results are not accurate especially in dense 305 
urban areas since obstructions and reflections are not considered. On the other hand, the simplified 306 
Radiosity Algorithm based on the Perez sky model (see Section 2.2) applied to these two case studies is 307 
computationally heavy and crashes the software when applied to too many buildings. Radiative exchange 308 
needs to be calculated between 75880 boundary surfaces for Manhattan and 40500 for Ludwigsburg.  309 
A compromise consists in tiling the case studies in manageable sub-areas in order to simulate the 310 
interactions only between the boundary surfaces of nearby buildings. As detailed in Section 2.3, this tiling 311 
process has been automated in the simulation platform SimStadt, with square tiles whose size and overlap 312 
parameters are user-configurable. The higher the tile size and overlap parameters, the more building 313 
interactions (e.g. obstructions and reflections) are taken into account and the more accurate the calculated 314 
solar radiations are. However, this leads to an increase of computational time and memory requirements. 315 
Therefore, finding the best tiling strategy consists in selecting the best pair {tile size, overlap} to reach 316 
the best compromise accuracy / computational efficacy (time and memory storage). As shown later, this 317 
best tiling strategy depends on the urban morphology of the studied area.  318 
In this section, 23 tiling strategies which combine different tile sizes (50 to 500 meters) and overlaps (0 to 319 
200 meters) have been tested for both case studies. They are summarized in Table 2. These tiling 320 
strategies generate different numbers of tiles and considered radiation exchanges between the building 321 
surfaces (see Figure 7), which as detailed in Section 2.3 potentially corresponds to the square of the 322 
computed building surfaces number summed in all the tiles. This has a significant impact on the 323 
computational time and memory capacity requirement. 324 
TILE SIZE 
(m) 50 50 100 100 100 200 200 200 200 300 300 300 300 400 400 400 400 400 500 500 500 500 500 
OVERLAP 
(m) 0 20 0 20 50 0 20 50 100 0 20 50 100 0 20 50 100 200 0 20 50 100 200 
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Table 2: Evaluated tiling strategies. 325 
   
 326 
Figure 7: Number of tiles (left) and square of the computed building surfaces (right) in the Ludwigsburg case study. 327 
In the case study Ludwigsburg, the number of tiles of the different tiling strategies varies between 1578 328 
for {size=50m, overlap=20m} and 12 for {size=500m, overlap=0m}, allowing diverse parallel computing 329 
possibilities. The average number of buildings in 50m tiles is 4, whereas 500m-side tiles contain 172 330 
buildings on average. However, the number of buildings is very heterogeneous in the different tiles, 331 
varying between 1 and 570 in the different 500m tiles of Ludwigsburg for instance. Moreover, the 332 
number of considered radiation exchanges between surfaces increases with the tile size and the overlap. 333 
The combination {size=500m, overlap=200m}, not represented on this graph since it goes beyond the 334 
scale limit (reaching 5.3E8), simulates potentially 85 times more radiation exchanges than the 335 
combination {size=50m, overlap=0m}.  336 
In Figure 8, the computational times of the simulations related to the different tiling strategies and case 337 
studies have been plotted in function of the tile size and overlap. The simulations have been run in a 338 
Linux server based on Intel(R) Core(TM) i5-4570 CPU @ 3.20GHz, with 4 GB RAM and 4 CPU 339 
(running in parallel) dedicated to the program SimStadt. When looking at Figure 8, it becomes apparent 340 
that the behavior of the computational time is more regular for Manhattan than for Ludwigsburg, since the 341 
buildings are more homogeneously distributed.  342 
  
 343 
Figure 8: Computational time versus tile size for the considered strategies in Ludwigsburg (left) and Manhattan 344 
(right). The labels show also the number of tiles in each case. 345 
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4.2. Tiling strategy comparison for roof irradiance calculation 346 
The Urban Shading Ratio (USR) of each tiling strategy is calculated as the quotient of the yearly solar 347 
radiations on all building surfaces computed using the studied tiling strategy, over the radiations 348 
computed with the reference tiling strategy {size=0, overlap=0} (see Eq.4). The latter corresponds to a 349 
Perez sky model without SRA (i.e. unobstructed scenario with the maximum solar potential). In this 350 
section, only the solar radiation on building roof surfaces is considered, which is generally used for 351 
photovoltaic or solar thermal potential studies. 352 
𝑈𝑈𝑈𝑈𝑈𝑈(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑋𝑋) =  ∑𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 𝑋𝑋)
∑𝑟𝑟𝑟𝑟𝑟𝑟𝑡𝑡𝑟𝑟𝑡𝑡𝑡𝑡𝑟𝑟𝑡𝑡𝑟𝑟(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡{0,0})  (Eq.4) 
The 3D surfaces of Figure 9 represent the average USR of all building roofs weighted by their area as a 353 
function of the two tiling strategy parameters {size; overlap}. This figure distinguishes the annual, winter 354 
and summer USR for both case studies, calculated respectively over the 12 months of the year, for the 355 
month of January, and June. The higher these parameters are, the more complete the consideration of the 356 
solar surface inter-obstructions and reflections is and therefore the more accurate the calculation. On the 357 
other side, smaller tile sizes fail to consider numerous surface interactions, and are therefore less accurate 358 
to evaluate the urban shading impact. To be noted: increasing the Level of Detail of the 3D city models 359 
would ensure a higher accuracy, leading to an increase of both the number of building surfaces and the 360 
time needed for the pertinent calculations. 361 
(a) (b) 
(c) (d) 
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(e) (f) 
 362 
Figure 9: Urban Shading Ratios on roofs as a function of the used tiling strategy. (a) is the annual USR in 363 
Ludwigsburg, (b) is the annual USR in Manhattan, (c) is the winter USR in Ludwigsburg, (d) is the winter USR in 364 
Manhattan, (e) is the summer USR in Ludwigsburg and (f) is the summer USR in Manhattan 365 
Higher tile sizes have higher Urban Shading Ratios. This means that when the number of considered 366 
buildings increases, the impact of obstructions is generally higher than the impact of reflections. A second 367 
clear outcome of Figure 9 is the relative difference of USR between both case studies: the high-density 368 
urban area of Manhattan has an USR two times higher than the middle-density area of Ludwigsburg. 369 
For the most accurate tested tiling strategy {tile size=500m, overlap=200m}, the annual USR reaches 370 
12.8% and 25.7% for the case studies of Ludwigsburg and Manhattan respectively. Focusing on the 371 
winter period, this USR goes up to 17.4%, respectively 32.4%. Conversely, the worst tiling strategies {tile 372 
size = 50 m, no overlap} present USR for both case studies between 5 and 10%. 373 
A further important insight is related to the form of these 3D surfaces: they are “flatter” in the case of 374 
Ludwigsburg than for Manhattan. Indeed, the Ludwigsburg’s 3D surfaces are almost tangential to the 375 
horizontal plane defined by the highest point {tile size=500m, overlap=200m}. Its maximum may even be 376 
reached with a deviation lower than 1% by the tiling strategy {tile size=200m, overlap=100m}. In the 377 
case of Manhattan, the 3D surface has not reached yet a tangential point. By extrapolating the 3D surface 378 
toward higher sizes and overlap parameters, the annual USR higher limit might reach 29% ±2%. 379 
4.3. Tiling strategy comparison for facade irradiance  380 
In this section, only the solar radiations on the building facade surfaces are considered, as it is generally 381 
the case for building heating or cooling demand simulations, daylighting analyses or studies of building 382 
integrated photovoltaics, which may have a relevant role in urban environments (Brito et al., 2017). The 383 
USR presented in Figure 10 is the average of the USR on all facades, weighted by their area. This 384 
averaging method gives more importance to the bigger facades and bigger buildings. As illustrated by 385 
Figures 9 and 10, the USR of facades are much higher (factor 2 to 3) than for roofs. This result is due to 386 
the bigger surrounding occlusions and therefore lower sky view factor of the facades. 387 
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(a) (b) 
(c) (d) 
(e) (f) 
 388 
Figure 10: Urban Shading Ratios on facades as a function of the used tiling strategy. (a) is the annual USR in 389 
Ludwigsburg, (b) is the annual USR in Manhattan, (c) is the winter USR in Ludwigsburg, (d) is the winter USR in 390 
Manhattan, (e) is the summer USR in Ludwigsburg and (f) is the summer USR in Manhattan 391 
Many similarities exist between roofs and facades USR: the high-density urban area of Manhattan have 392 
USR quasi twice higher than the middle-density area of Ludwigsburg. Moreover, the 3D surfaces in the 393 
case of Ludwigsburg are flatter than in Manhattan. In the former case, the 3D surfaces are almost 394 
tangential to the horizontal plane defined by the highest point {size=500m, overlap=200m}, with an 395 
annual USR of 34.5%. This result is approached with a deviation lower than 1% for the tiling strategy 396 
{size=300m, overlap=100m}, and of 2% for the tiling strategies {size=200m, overlap=100m} and 397 
{size=300m, overlap=50m}. Winter USR and Summer USR reaches respectively 44.4% and 31.8%. 398 
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In the case of Manhattan, a highest annual USR of 60.0% is obtained for the tiling strategy {size=500m, 399 
overlap=200m}. However, the 3D surface is not yet tangent to the horizontal plane at this point. By 400 
extrapolating the surface toward higher size and overlap parameters, the annual USR higher limit would 401 
reach 62% ±1%. Winter USR and Summer USR reaches respectively 57.6% and 64.7%. 402 
As an outcome of this study for both roofs and facades, the tiling strategy {size=300m, overlap=100m) 403 
can be considered as an accurate solar radiation calculation method for the case study Ludwigsburg, with 404 
a relative uncertainty below 1%. It represents a good compromise between accuracy and computational 405 
performance. For the case study Manhattan, any tiling strategy below {size=500m, overlap=200m} 406 
reduces the USR significantly (by 5% or more), and therefore would be considered as inaccurate in 407 
comparison. Consequently, the solar radiations on roofs and facades should be calculated at least with 408 
these “best tiling strategies”, which are used in the next section. 409 
5. Solar analyses in medium and high-density urban areas 410 
5.1. Solar potential “Identity Cards” 411 
In order to assess the energy solar potential of a city district, it is often useful to quantify the total building 412 
surface area throughout the district that exceeds different solar energy thresholds. Facades of different 413 
orientations, flat roofs, and pitched roofs are distinguished for both case studies. As previously 414 
mentioned, only flat roofs are considered in Manhattan whereas an important part (60%) of the buildings 415 
of Ludwigsburg are represented with pitched roofs (see Figure 11). The cumulative solar radiation 416 
distribution represented in Figure 12 and Figure 13 show an example of solar potential “identity cards” of 417 
the case studies. 418 
 419 
Figure 11: Tilt angle of the roofs in Ludwigsburg case study. 420 
In the case study Ludwigsburg, the total building external surface area is two square kilometers. Two 421 
thirds of it are facade surfaces, 20% are pitched roofs and the remaining 13% are flat roofs. Half of this 422 
surface area does not receive more than 600 kWh/mP2P.yr, mainly due to shading and unfavorable 423 
orientation of the facades. Regarding the surfaces receiving more than 800 kWh/m².yr solar radiation: 424 
only 15% of them are facades (representing 7% of all facades), 50% are pitched roofs and 34% are flat 425 
roofs. This trend is emphasized if one considers the surface areas receiving a minimum of 1000 426 
kWh/m².yr, the typical threshold of photovoltaic installation profitability: 57% are pitched roofs, 43% are 427 
flat roofs, and no facades are present. The solar radiation received by flat roofs is limited by the global 428 
horizontal radiation (approximately 1150 kWh/mP2P.yr in Ludwigsburg). However, mounting solar systems 429 
on flat roofs with a favorable tilt and orientation (35° South) enable to collect up to 1350 kWh/m².yr. 430 
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 431 
Figure 12: Cumulative solar radiation distribution in Ludwigsburg. 432 
The Manhattan case study includes a total of almost 25 km² building surface area, of which 85% are 433 
facades. However, the latter represents only 39% and 20% of the surface area receiving more than 600, 434 
respectively 800 kWh/m².yr, and none of them receive more than 1000 kWh/m².yr. In comparison, 54% 435 
of all roof area receives more than 1000 kWh/m².yr in Manhattan. While comparing both cumulative 436 
solar radiation distributions, the curve of Ludwigsburg is almost linear between the radiation thresholds 437 
200 and 1200 kWh/m².yr, whereas the curve of Manhattan is much more convex. 438 
 439 
Figure 13: Cumulative solar radiation distribution in Manhattan. 440 
In conclusion, although facades represent most of building surface areas (two thirds in Ludwigsburg and 441 
85% in Manhattan), roofs have a greater potential for an economic exploitation of available solar energy 442 
than facades do. However, the use of facades should not be disregarded for photovoltaic generation due to 443 
the large areas concerned. The solar radiation on flat roofs may be optimally used by mounting tilted solar 444 
panels with a favorable orientation (between 25 and 35° south in latitudes like in Manhattan and 445 
Ludwigsburg). To be also noted, each building surface has only one incoming solar radiation value, 446 
computed by the Radiosity algorithm on its center. Therefore, a facade may have a (upper) part which 447 
receives more than the specified solar radiation threshold, but this was not considered in the graphs 448 
above. 449 
5.2. Solar irradiance per facade orientation 450 
The solar potential of a facade with consideration of the urban shading depends obviously on the surface 451 
orientation and the period of the year. In this section, the solar irradiances received on different facade 452 
orientations are investigated in more detail for both case studies.  A “no-shading” reference case, which 453 
corresponds to the unobstructed scenario with the maximum solar potential, is compared with the “best 454 
tiling strategies” found out in Section 4. Facades are regrouped by orientations, with a ±22.5° azimuth 455 
15 
 
tolerance (i.e. “South” corresponds to facade azimuth ϵ [157.5°, 202.5°]). Figure 15 and Figure 18 also 456 
include the USR of flat roofs, which are always lower than those of the facades. 457 
 458 
Figure 14: Monthly irradiances on facades in Manhattan, with and without shading consideration 459 
 460 
Figure 15: Monthly Urban Shading Ratio on roofs and facades in Manhattan 461 
With or without urban shading consideration, the monthly irradiances on the North, East and West 462 
facades show a typical bell form which culminates in June, whereas the solar irradiance on the South 463 
facade shows two maxima in Spring and Autumn. The monthly USR of the different facades remains 464 
relatively stable over the whole year, varying between 0.5 and 0.7, depending on the orientations and 465 
month of the year. The West facades have an USR between 0.1 and 0.2 higher than the other facades 466 
(particularly over East facades) in winter, which is due to the regular street layout oriented SSW / NNE, 467 
generating considerable shading on the WNW facade when the winter sun is low. 468 
The USR yearly variation of the North facades with higher values in summer than in winter is the 469 
opposite to that of the other facades. The sun trajectories in front of the different facade orientations 470 
explain part of this outcome (see Figure 16): contrary to other facade orientations, north facades receive 471 
direct radiations only in summer and middle seasons. However, in a dense urban area this direct beam is 472 
often shaded by surrounding buildings since the morning and evening sun position is relatively low. This 473 
tends to increase the USR in the summer season.  474 
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 475 
Figure 16: Example of neighboring building obstructions seen from the middle point of a SSW facade (left) and a 476 
NNE facade (right) of a building in Manhattan. 477 
The general trends are similar in the case study of Ludwigsburg, although the USR are significantly lower 478 
than in Manhattan (see Figure 18), as already calculated in the previous chapter. The USR yearly 479 
variation has a wider amplitude from 0.25 to 0.51 as compared to Manhattan. The street layouts, regular 480 
in the case of Manhattan and without real pattern in the case of Ludwigsburg, explain this difference. For 481 
the South facades, the solar irradiance maxima are less pronounced and closer to each other than for 482 
Manhattan, due to the difference of latitude between these two locations.  483 
 484 
Figure 17: Monthly irradiances on facades in Ludwigsburg, with and without shading consideration 485 
 486 
Figure 18: Monthly Urban Shading Ratio on roofs and facades in Ludwigsburg 487 
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6. Conclusion and perspectives 488 
In this study, different methods of solar radiation computation in urban areas have been compared. Two 489 
representative urban case studies of different densities in New York and Ludwigsburg (Germany) have 490 
been used for the evaluation, employing 3D city models based on the CityGML format for a full and 491 
realistic urban environment analysis. Since the number of surface interactions and radiation exchanges 492 
increase exponentially with the scale of districts, innovative computational strategies for solar irradiance 493 
modeling considering shading and inter-reflections have been introduced, partitioning the two case 494 
studies in square tiles of different sizes and overlaps to evaluate the computing performance.  495 
The main contribution of this study is the accurate quantification at urban scale of the considerable impact 496 
of urban shading and multiple reflections on the solar radiation incoming on the building surfaces. They 497 
reduce annual solar irradiance by up to 60% for facades and 25% for roofs in high-density urban areas 498 
such as Manhattan. Square tile sizes of more than 300 meters length for medium density districts such as 499 
Ludwigsburg are sufficient to calculate with 1% uncertainty the solar radiation including shading and 500 
inter-reflections. In high-density districts like Manhattan, a tile size length of 500 meters is a minimum 501 
requirement. 502 
This work has also justified quantitatively that the traditional method applied in building performance 503 
simulations, which considers only the direct-neighbor buildings, is far from enough to calculate reliably 504 
the solar radiation reaching a given building. Therefore, assessing this phenomenon accurately is of 505 
paramount importance for any reliable energy analysis in an urban context, including solar potential 506 
analysis, daylighting analysis as well as heating and cooling load calculations. 507 
A promising improvement to the use of fixed square tiles in this study would consist in splitting the urban 508 
scene in tiles of variable sizes and forms, according to the main street axis and the local density. Studying 509 
more case studies of different densities is necessary to continue the present work, possibly generated 510 
randomly with a tool like Random3DCity (Biljecki et al., 2016). The Stuttgart University of Applied 511 
Sciences is currently developing an automated method based on OpenStreetMap data for this purpose. 512 
Finally, an intelligent surface meshing would be an important step forward for this work. Presently, each 513 
building surface defined in the 3D city models has only one incoming solar radiation value, computed by 514 
the Radiosity algorithm on its center. This may be problematic, in particular for high facades whose basis 515 
and upper part have very different solar potentials, related to different sky view factors. On the other 516 
hand, meshing systematically all building surfaces sky-rockets the number of polygons computed by the 517 
Radiosity algorithm and aggravates the related computational issues identified in this study. Therefore, an 518 
intelligent and adaptive meshing method compatible with urban-scale requirements is essential. One 519 
approach would be to vary the mesh size depending on the sky view factor at the center of each building 520 
surface, or on the local built density. Another possibility would consist in calculating the solar radiation 521 
on the edges of each polygon and interpolate in a post-processing phase the solar radiation over the entire 522 
facades and roofs. 523 
Assessing and understanding the solar potential of cities is essential in the context of the urban energy 524 
transition. Every innovative computational method which improves the accuracy and efficacy of the solar 525 
radiation calculation at urban scale, is a step forward for the research community as well as the 526 
environment. 527 
 528 
 529 
 530 
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